Background: Leymus chinensis (Trin.) Tzvel. is a high saline-alkaline tolerant forage grass genus of the tribe Gramineae family, which also plays an important role in protection of natural environment. To date, little is known about the salinealkaline tolerance of L. chinensis on the molecular level. To better understand the molecular mechanism of saline-alkaline tolerance in L. chinensis, 454 pyrosequencing was used for the transcriptome study.
Introduction
Leymus chinensis (Trin.) Tzvel., a perennial rhizome grass of the tribe Gramineae family with an allotetraploid species(2n = 4x = 28), naturally grew on alkaline-sodic soils in northern China [1, 2] . It's also an economically and ecologically important grass plant that contains many extremely valuable stress resistance genes [3] . Because of its high drought and salinealkaline tolerance [4, 5, 6] , L. chinensis plays an important role in the establishment of artificial grassland and in the protection of environment, which has received considerable attention in recent decades [7, 8] . Despite such advances, the genome of L. chinensis hasn't been published, little is known about its reference of genetic information on-line, and few studies have been reported on salinealkaline of L. chinensis on molecular level. Therefore, the studies on molecular mechanisms of saline-alkaline in L. chinensis have farreaching significance.
These years, a lot of studies have been reported on abiotic stresses of plants. The saline-alkaline stress is one of the main abiotic stresses, which is more seriously harmful than any single salt and alkaline stress on plants. Maybe salinity and alkalinity have a cooperative effect when they simultaneously stress on plants, which also had been demonstrated in L. chinensis and other species [9, 10, 11] . The mechanisms of abiotic stresses on plants are complex and diverse, even involve multiple complex physiological and metabolic pathways, which mostly include synthesis of extrusion and compartmentalization of sodium ions, response to abiotic stress, pathogen defense and adjustment of ion homeostasis [12, 13] . These mechanisms involve the expression of a cluster of genes and interaction among their gene products rather than individual genes, and the gene expression affected by many internal and external factors [14] . Therefore, the more comprehensive understanding of abiotic stress tolerance mechanisms need to be based on the gene expression level.
Over the past decades, the significant progress has been made in genome-wide gene expression profiling (GEP) by the development and application of differential display [15] , as well as the large scale analysis of differential gene expression technology, such as cDNA libraries cloning technology [16, 17, 18] , SAGE [19] , Microarray technology [20, 21] , and others. However, each of the above techniques has its disadvantages, such as high false positive rates, low level expression abundance, time-consuming and intensive labor [22] . As the first next-generation technology to reach the market, the development of the 454 Life Sciences (454; Branford, CT, USA; now Roche, Basel) sequencing platform (the 454 Sequencer) provides a compelling case study for the establishment of a new disruptive technology [23] . Moreover, 454 the 454-FLX massively parallel DNA sequencing platform is an effective next generation sequencing technology to better understand the transcriptome of unknown genome plant [24] . Meanwhile, massively parallel DNA sequencing platforms have become available which reduce the cost of DNA sequencing by over two orders of magnitude, making global transcriptome analysis inexpensive, and widespread [25] . Furthermore, a lot of studies on the comparative high throughput sequencing of plant transcriptome in many model and non model species, such us maize, grapevine, eucalyptus, olive genotype and cucumber flower have been reported [26, 27, 28, 29] .
To gain a global view of the molecular mechanisms of salinealkaline in L. chinensis, a transcriptome study on the two samples of control and saline-alkaline treatment (Hoagland solution with 100 mM NaCl and 200 mM NaHCO 3 ) was performed to make a comparative gene expression analyses. Basing on barley, rice and wheat which closely relate to L. chinensis as references, we present a bioinformatic exploration, functional annotation, comparative analysis and real-time PCR validation of subset transcripts identified from significantly different expression of L. chinensis.
Results

Assay of Pro, SOD and MDA
To explore the optimal saline-alkaline stress concentration which can be considered as the particular condition for more expression of transcripts, about one month old seedlings of L. chinensis were challenged to the stress treatments of various concentrations of NaCl and NaHCO 3 (see Materials and Methods). The results showed that the plants grew normally under normal condition and the treatments of 100 mM NaCl+150 mM NaHCO 3 and 50 mM NaCl+200 mM NaHCO 3 during the whole period (Figure 1 ). The seedlings under the treatment of 100 mM NaCl and 200 mM NaHCO 3 grew normally before the third day, and were slightly affected but could survive on the fourth day. While the treatment of 50 mM NaCl and 250 mM NaHCO 3 seriously damaged the plants, and even caused the plants death after the second day. Furthmore, the proline (PRO) contents, superoxide dismutase (SOD) activities, and malondialdehyde (MDA) contents of all the collected samples were measured and showed in Figure 2 . The results showed that PRO contents, SOD activities, and MDA contents reached the peak in one day, while dismounted rapidly afterwards at the stress concentration of 50 mM NaCl+250 mM NaHCO 3 , which indicated the physiological status of these plants were seriously damaged under this saline-alkaline stress condition. However, PRO contents, SOD activities, and MDA contents reached the peak in two days and kept the regular changing later at the stress concentration of 50 mM NaCl+200 mM NaHCO 3 and 100 mM NaCl+200 mM NaHCO 3 . Moreover, the level of the PRO contents, SOD activities, and MDA contents under the treatment of 100 mM NaCl+200 mM NaHCO 3 were higher than that of the treatment of 50 mM NaCl+200 mM NaHCO 3 on each time point. Interestingly, PRO contents, SOD activities, and MDA contents haven't reached the peak until 4 days after stress treatments of 100 mM NaCl+150 mM NaHCO 3 and under the normal condition, which indicated this saline-alkaline stress condition did not deeply induce the change of the plant's physiological status. These results, together with the plant growth status indicated that the optimal saline-alkaline stress condition was 100 mM NaCl+200 mM NaHCO 3 for the second day, which was finally taken as the treatment group for the following experiments, sequencing and qRT-PCR.
Sequencing output and assembly
A total of 363,734 and 526,266 raw reads were generated in control and treatment samples by 454 sequencing, respectively (Table 1) , and the raw reads data were submitted on the public database (Submission ID:SRA053207/Raw reads of Leymus chinensis transcriptomes). After filtering out low quality reads, short reads, contamination sequences and vector sequences, 362,664 and 525,198 clean reads were remained in control and treatment samples with average length of 489 bp and 493 bp for assembling. The two samples reads were totally assembled into 104,105 unigenes with an average length of 630 bp using MIRA program [30] , and the longest one was 4,597 bp. The length distribution of assembled unigenes was presented in Figure 3 . Among all the assembled unigenes, 73,665 unigenes were in control group, among them, 16,089 unigenes were unique for control group. 88,016 unigenes were in treatment group and concluding 36,440 unigenes unique for treatment group. 57,576 unigenes were shared by both groups (Figure 4 ).
Comparison analysis between control and treatment samples
Comparative gene expression analysis between the two groups was used for estimating the gene expression levels in response to saline-alkaline stress. The transcripts with different expression levels were shown in Figure 5 : the blue dots defined as ''no difference in expression'' represented the unigenes which differed by less than two fold between the two libraries, with the threshold of ''log2 Ratio $1'', there were 36,497 up-regulated unigenes (red dots) and 18,218 down-regulated unigenes (green dots) predicted to be the significantly differentially expressed genes (DEG) ( Table  S1 and Table S2 ).
Functional annotation and classification
The gene functional annotation were carried out and the results shown that 12.904% of unigenes were involved in modification, protein turnover, chapernes, 10.089% involved in translation, ribosomal structure and biogenesis, 11.562% involved in energy production and conversion. Other functional annotation results were shown in Figure 6 . Furthermore, gene annotation based on the DEG was carried out. Multiple functional up-and downregulated unigenes associated with the stress functions (Table S1  and Table S2 ). After stress functional filtering, we surprising found that the specific expressed more than 10 fold genes in control or treatment group were predicted to be closely related with the plant stress functions (Table 2) .
Pathway enrichment analysis of DEGs
Based on DEGs and annotation of KEGG, the biological pathways were evaluated by enrichment analysis of DEGs, a total of 120 pathways were up-regulated and 82 were down-regulated (Table S3, Table S4 ). With Q value,0.05 significantly enriched, the each first ten of up-regulated and down-regulated enriched pathways were reported in Table 3 . Of which, calcium signaling pathway, oxidative phosphorylation, NHX antiporter were closely associated with stress function.
Validation of differentially expressed genes by qPCR
Comparative expression analysis between the two groups, 16 unigenes were randomly selected from the differentially expressed genes and performed for further qRT-PCR validation. Among them, eight up-regulated unigenes (GW_rep_c1264, GW_rep_c59591, GW_rep_c1095, GW_rep_c1236, GW_rep_c34391, GW_rep_c26652, GW_rep_c162, GW_rep_c18525) were and eight down-regulated unigenes (GW_rep_c2047, GW_rep_c1723, GW_rep_c11679, GW_rep_c37136, GW_rep_c6561, GW_rep_c49894, GW_rep_c34820, GW_rep-c33890) were validated to correspond with the results of 454 sequencing ( Figure 7 , Text S1), the complete list of unigenes was listed in the Text S2, and the original RT figures were shown in the Text S3.
Discussion
The main aim of this study was to better understand the molecular mechanism of saline-alkaline tolerance and to obtain a number of key genes and complex pathways that play a critical role in response to saline-alkaline in L. chinensis. Therefore, we started an effective way of the high throughput sequencing and comparative transcriptome analysis based on 454 sequencing platform under optimal saline-alkaline stress concentration (100 mM NaCl and 200 mM NaHCO 3 ).
Large scale comparative transcriptome analysis based on next generation sequencing technology have effective way to study the initial molecular changes and complex pathways [26, 28] . Our study also mainly focused on comparative transcriptional level analysis of the differentially expressed unigenes between the two samples, which was also used for estimating gene expression levels in response to saline-alkaline stress. Among the 104,105 unigenes obtained, 73,665 unigenes were in control group, 88,016 unigenes were in treatment group and 57,576 unigenes were in both groups ( Figure 4 ). The transcripts with different expression levels between the two samples were shown in Figure 5 , With the threshold of ''log2 Ratio $1'', the red dots (36497) and green dots (18218) represented the significantly differentially expressed genes(DEG), the proportion of up-regulated genes was higher than that of down-regulated genes.
Based on the annotation of these differentially expressed genes (Table S1 and Table S2 ), there were multiple functional up-and down-regulated unigenes predicted to be closely related with the plant stress functions. Those included stress and tolerant function (salt stress-responsive protein, salt tolerant protein, sodium/ hydrogen exchanger, stress-associated protein, and universal stress protein), signal transduction (calmodulin, calcium-dependent protein kinase, caltractin), energy production and conversion (ATP-citrate synthase, vacuolar ATP synthase subunit B, ATP synthase beta subunit, ATP-citrate lyase, vacuolar ATPase subunit, vacuolar proton-ATPase subunit and vacuolar H + -ATPase), and inorganic ion transport (transmembrane protein, plasma membrane H+-ATPase, Ca 2+ /H + -exchanging protein, vacuolar H+-pyrophosphatase, vacuolar proton-inorganic pyrophosphatase, Na + /H + antiporter). Other down-regulated unigenes were associated with Death (DEAD/DEAH box helicase family protein, DEAD-box ATPase-RNA-helicase), Energy production and conversion (peroxidase, oxidative stress), Damage (wound/ stress protein), Defence (defender against death). Pathway functional enrichment analyses were carried out, which revealed the most significantly affected pathways during the treatment process. Fortunately, calcium signaling, oxidative phosphorylation and NHX antiporter up-regulated pathways appeared in the first ten enriched pathways (Table 3) ; more detailed information of pathways was shown in Table S3 and  Table S4 . The plasma membrane is one of the main sites common to different stresses [31] . Calcium serves as a versatile messenger in many adaptation and developmental processes in plants [32] . Calcium binding proteins serve as sensor molecules to detect and transmit cellular calcium signals [33] . In higher plants, the main mechanism for Na + extrusion is powered by the operation of the plasma membrane H + -ATPase and Ca 2+ -ATPase [34] . They use the energy of ATP hydrolysis generated from oxidative phosphorylation pathway to pump H + and Na + into the cell. This proton motive force generated by the H + -ATPase and Ca 2+ -ATPase operate Na + /H + antiporter (NHX) and Na + /Ca 2+ antiporter (NCX) of plasma membrane. It has been reported that the NCX removes a single calcium ion in exchange for the import of three sodium ions [35] . The operation of plasma membrane Na + /H + antiporter has been obtained in different plant species [36] , and Na + /H + antiporter activity has been reported on the plasma membrane of tobacco, and wheat [37, 38, 39] .
Due to the sensitivity of 454 pyrosequencing has been documented to be more sensitive for estimation of gene expression than traditional Sanger sequences [14] , 454 pyrosequencing has the advantages of lower error rate, higher sequencing capacity and long read lengths (600 bp in average), which might be the best choice for the unknown genome plants [24] . However, it's relatively difficult and expensive may cause 454 pyrosequencing not widely accessible, in the longer term, the principles established by 454 sequencing might reduce cost further [40, 41] . In our study, in order to confirm the steady-state transcript level, 16 unigenes of the differentially expressed genes were selected for validation by Real-time RT-PCR. Although the results in gene expression didn't match perfectly to the results detected by 454 pyrosequencing method, the up-and down-regulated trends were closely similar ( Figure 7) . Furthermore, according to the description of these 16 validated genes, some of them were associated with plant stress functions, such as Energy production and conversion, Ca2+-binding protein, and defense mechanisms. Moreover, more genes will be validated in the future study.
Conclusion
This is the first report of comprehensive transcriptome analysis and identification of differentially expressed genes of L. chinensis under saline-alkali stress based on the 454-FLX massively parallel DNA sequencing platform. The study showed that the responses to saline-alkali stress more serious than any single salt and alkali stress in L. chinensis, which had complex and diverse mechanisms, even involved multiple complex physiological and metabolic pathways. It will enrich our knowledge of the stress tolerance of L. chinensis at the molecular level and provide new insight to better understand the saline-alkali stress tolerance in other plants. All the data in our study will be of considerable archive for future studies. 
Materials and Methods
Plants culture and treatment
Seeds of L. chinensis (Jisheng No. 4 Chinese Wildtye) with high saline-alkaline and drought resistance were obtained from Jilin Province Jisheng Wildrye Excellent Seed Station. After germinating in the dark for 72 h at 30uC, the well germinated seeds were evenly transferred into the hydroponic pots that contained Hoagland's nutrient solution in a artificial climate chamber with 15 h light (200 mEm-2s-1, 25uC) and 9 h dark (23uC), and with the relative humidity controlled at 75%. The nutrient solution was changed every 2 d. When seedlings of L. chinensis were about one month old, they were transferred into solutions supplemented with various concentrations of NaCl and NaHCO 3 (100 mM NaCl+150 mM NaHCO 3 , 50 mM NaCl+200 mM NaHCO 3 , 100 mM NaCl+200 mM NaHCO 3 , 50 mM NaCl+250 mM NaHCO 3 ) for 0 d, 1 d, 2 d, 3 d and 4 d. The control plants received no NaCl and Na 2 CO 3 supplementation. The control and each treatment were biologically and temporally repeated in three independent and parallel experiments. The whole plants of the control and NaCl and NaHCO 3 treatment were collected and then stored at 280uC until further use.
Physiological Index measurement
UV-Vis spectrophotometers (Shimadzu, UV-2450) were used to measure the physiological indexes (SOD, PRO and MDA) [42, 43, 44, 45] of the stored samples with physiological assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), respectively. All the processes were biologically and temporally repeated in three independent and parallel experiments.
Total RNA extraction and cDNA synthesis Total RNAs were extracted from the whole plants of the control and NaCl and NaHCO 3 treatment using Trizol (Invitrogen) following the manufacturer's protocol. The quality of two total RNAs was checked using the NanoDrop Spectrometer (ND-1000 Spectrophotometer, Peqlab). The mRNAs were isolated from total RNAs using the PolyATtractH mRNA Isolation Systems kit (Promega, company) and condensed using Reasy RNA cleaning kit (QIAGEN, Germany), their concentration and purity were determined using the Agilent 2100 Bioanalyzer (RNA Nano Chip, Agilent). Using RNA Fragment reagent kit (Illumina, company) and Reasy RNA cleaning kit (QIAGEN, Germany) to fragment and retrieve the mRNA that has been condensed for 1 min. Then using random primer and MMLV to synthesize the first chain, and using DNA Polymerase I and RNase H to synthesize the second chain. Finally using Reasy RNA cleaning kit (QIAGEN, Germany) to retrieve cDNA, and using the Agilent 2100 Bioanalyzer to check the quality of cDNA. All procedures were applied according to the manufacturer's protocol.
sequencing and assembly
After linking with proprietary adapters sequentially, using GS-FLX platform with GS FLX Titanium kit to sequence approximately 10 ug cDNA from each of the two samples at sequencing company, a half-plate sequencing run was performed for each sample. The raw 454 sequence files in SFF format were base called using the Pyrobayes base Caller (Quinlan AR, 2008). Using Seqclean program (http://compbio.dfci.harvard.edu/tgi/ software), LUCY program [46] and TagDust to clean the raw reads, including low quality reads, adaptor reads, short reads (,50 bp), polluted reads, hairpin structure reads and mosaic reads, all reads were assembled into unigenes using MIRA program [47] . Then all unigenes were used for all subsequent analysis.
Comparison analysis between control and treatment samples
For the comparative expression analysis between the two samples, the number of clean reads in each sample was normalized to Tags (reads) Per Million (TPM) to normalized gene expression level. Significance of differential gene expression was determined using the R statistic and the resulting raw p values were corrected for multiple tests using the False Discovery Rate (FDR).Genes were deemed to be significantly differentially expressed with the threshold of ''FDR,0.001'' and ''log2 Ratio $1''and an estimated absolute log2-fold change .1 in sequence counts across the two samples. Finally, pathway functional enrichment analysis was carried out from the differentially expressed genes. Pathway enrichment analysis based on Hypergeometric distribution was used to identify the significantly enriched functional classification or metabolic pathways in DEGs. The formula is:
N is the total number of genes with KEGG functional annotations, and n is the number of DEGs in N. M is number of the gene with specific KEGG annotations, and m is the number of DEGs in M. Table 2 . The specific expressed more than 10 fold genes related with the plant stress functions. Functional annotation and statistical classification
Functional annotation and classification of the unigenes was to predict possible highest similarity functions of unigenes and to do functional classification statistics using the following databases: NR protein database (NCBI), the gene ontology (GO), the Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Clusters of Orthologous Groups database (COG; http://www.ncbi.nlm.nih. gov/COG/). Among them, all the unigenes were classified into different functional groups based on COG database and pathways were carried out by KEGG database.
Quantitative real-time PCR (qRT-PCR) analysis
In order to verify the sequencing results, 16 of differentially expressed unigenes were randomly selected to confirm using quantitative real-time PCR. Primers specific for ubiquitin conjugating enzyme(UBC) (Forward: 59-CGG AAA GGA TTG ACA GAT TGA-39; Reverse: CTC AAT CTC GTG TGG CTG AA) were used for the normalization of reactions, which was used as an internal control [48] . Using the Premier 5.0 and Oligo 6 program to design primers with the length of 100 bp products or so, realtime PCR were performed using the SYBR PremixExTaqTM protocol (TaKaRa) on an Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). All processes were performed in triplicate, and the average cycle thresholds (Ct) were used to determine fold-change. The relative quantification of gene expression was reported as a relative quantity (RQ) to the control value. The statistical package GraphPad Prism (GraphPad Software, Inc.) was calculated as 22 (DCt of treatment -DCt of control), which was used to analyze the data from all experiments [49] . Table S1 The gene annotation of up-regulated genes.
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